A novel poly(amido amine) with methoxy carbonyl groups, high charge density and broad nitrogen profile, was synthesized from tetraethylene pentamine (TEPA) and methyl acrylate (MA), and named as PTMA. During synthesis, on one hand, double bond of MA was added with amino group of TEPA by Michael addition reaction and, on the other hand, methoxy carbonyl group of MA was nucleophilicly substituted by amino group of TEPA. There are primary, secondary, tertiary amines and amide groups in PTMA molecule. Acid base titration indicated that the polymer was protonated in the range of both pH 5.0 to pH 7.4 and pH 7.4 to pH 11, which is indicative of not only good self-assembling capability with polyanion but also desirable proton sponge effect as shown by polyethylenimine (PEI). In aqueous solution, PTMA self-assembled with weak anionic polymer, poly(acrylic acid) (PAA), to form nanoparticles. The particle size first increased and then decreased with increasing mass ratio of PTMA to PAA, which is defined as θ. At all examined θ values, self-assembling particles with diameter less than 200 nm were obtained. The UV-Vis absorbance curve of self-assembling complex solution at first day overlapped with that at seventh day, indicating that self-assembling particles were stable.
Introduction
Intermolecular self-assembly based on non-covalent bonding invokes great interest due to the achievement of versatile buildups, for example, gel, multilayer membrane, capsule, liquid crystal and nanoparticle [1] [2] [3] [4] [5] . Self-assembling constructs have wide potential applications in industrial and biomedical fields [6] [7] [8] [9] [10] . Self-assembling constructs formed between the components of oppositely charged polymers under the drive of electrostatic attraction, can be used in fields such as drug delivery, protein separation and skin substitute due to its similarity to biological system [11] . For example, nanoscopic self-assembling particle formed between polycation and negatively charged biomacromolecules provides a promising method of delivering therapeutic factors into body as well as cell. This subject has been studied extensively [12] [13] [14] [15] .
Polycation is a necessary precursor of polymeric self-assembling constructs formed under electrostatic interaction. Polycation's characteristics such as charge density and nitrogen profile exert significant effect on the formation and property of selfassembling constructs. Firstly, high charge density facilitates the formation of compact self-assembling particle. Among polycations, the highest charge density, 23 mmol/g, is characteristic of polyethylenimine (PEI), which makes PEI exhibit very strong self-assembling ability with negatively charged biomacromolecules [16] [17] [18] . Secondly, broad nitrogen grade profile makes self-assembling constructs sensitive to pH changes because part of amino groups are left free when self-assembling constructs are formed, which is known as proton sponge effect. This allows high transfection efficiency of some polycationic gene vectors without additional endosome-disruptive agent [19, 20] . Dendritic poly(amido amine) (DPAMAM) is a polycation to which significant attention was paid because of its unique structure, shape and property [21] [22] [23] [24] [25] . DPAMAM can self-assemble with negatively charged biomacromolecule, DNA, into nanoparticle to protect DNA from enzymatic degradation and facilitate transferring DNA in body and cell. When DPAMAM selfassembles with DNA, exterior primary amino groups contribute to the combination of two oppositely charged components and interior tertiary amino groups endow the self-assembling buildup with proton sponge effect favoring transport inside cell [26] . In contrast to DPAMAM, it has been reported that polycation produced only with tertiary or primary amines low transfection efficiency without endosome-lysing agents [27, 28] .
Although DPAMAM is an excellent polycation which can serve as delivery vector of negatively charged bioactive molecules, it was found that fractured PAMAM dendrimer presented more effective transfection due to its more flexible molecular structure, which is in favor of self-assembly with plasmid DNA. Furthermore, the charge density of DPAMAM is far lower than that of polyethylenimine [29] .
In this work, we synthesized a new poly(amido amine) (PAMAM) type polycation, PTMA, by Michael addition reaction of tetraethylene pentamine (TEPA) to methyl acrylate (MA) and nucleophilic substitution of methoxy carbonyl groups by amine groups of TEPA. This new polycation has several unique structural characteristics as follows. First, PTMA is a non symmetric random branched polymer, which allows PTMA with better flexibility as fractured PAMAM than DPAMAM. Second, PTMA has a broad nitrogen grade profile consisting of primary, secondary and tertiary amino groups. Third, there are a lot of methoxy groups that were proved to endow PEI with characteristics of controlled releasing due to charge shift [30] . Fourth, PTMA has a higher charge density than DPAMAM. In addition, compared to DPAMAM, PTMA is easily synthesized. The protonizing characteristic of PTMA was studied using acid base titration. The self-assembling nanoparticle of PTMA was prepared by choosing PAA as a model polyanion. Particle size analysis and UV-Vis spectroscopy were used to study formation and stability of self-assembling particle. We suppose if PTMA can self-assemble with PAA, it will self-assemble more easily with stronger polyacids, for example, poly(sulfonic acid) and poly(phosphorous acid).
Results and discussion

Synthesis of PTMA
PTMA is a kind of poly(amido amine) obtained through Michael type addition and nucleophilic substitution (Scheme 1). In order to avoid free radical polymerization of MA, reaction was carried out first at low temperature and then at high temperature. At low temperature, main reaction was Michael type addition of amine of TEPA to double bond of MA. At high temperature, main reaction was nucleophilic substitution.
Ethanol was selected as solvent because of its good solubility for monomers and PTMA. At either high temperature or low temperature, PTMA can be obtained. At high temperature, reaction time was spared because solvent ethanol and side product methanol were separated to accelerate reaction. Since both primary and secondary amines could take part in these two reactions, part of secondary amines were converted to tertiary ones, some primary amines into secondary ones and some primary and secondary amines into amides. So PTMA was a random branched polymer (Scheme 1), with a broad nitrogen-grade profile.
1 H NMR spectra of TEPA and PTMA (in D 2 O) and their assignments are shown in Fig. 1 . 
Protonation characteristic of PTMA
Protonation characteristics of polycation have important effect on self-assembly between polycation and polyanion. The pH responsibility under acidic conditions is related to protonation range. Polycation with a wide pH range of protonation is needed for negatively charged biomacromolecules transfer into nucleus because there are some free amine groups left after self-assembly at a higher pH value. The remnant amino groups continue to protonize in endosome and make the selfassembling complex swell. That is, the self-assembling construct has environmental sensitivity. The effect, known as "proton sponge effect", makes PEI show high transfection efficiency without additional endosome-disrupting agent. In contrast, polylysine as gene carrier often resulted in low transfection efficiency when no adjuvant additive was used together because of absence of this effect [31] . Protonation characteristic of PTMA was determined by acid base titration. 10 mL 50 g/L PTMA aqueous solution was protonated with 37% HCl solution followed by titration with 0.3 mol/L NaOH solution. As seen from Fig. 2 , when 150 mmol/L NaCl aqueous solution and 0.69 mol/L HCl solution containing 150 mmol/L NaCl were titrated with 0.3 mol/L NaOH solution, in the pH range of 5 to 7.4, pH value rises abruptly. That is, both solutions had no buffering capability in this range. However the titration curve of PTMA rises flatly over the entire measured range. This showed that PTMA could be protonated within the pH range where PEI displayed "proton sponge effect" and had self-assembling capability at physiological pH conditions. It should be noted that slightly slanting curve at the segment more than pH 11 shows not the buffering capability of PTMA but approximation to limiting pH value of solution.
Self-assembly of PTMA with PAA PTMA derived from TEPA had high charge density and broad nitrogen grade profile indicating strong self-assembling ability. When PTMA solution was mixed with PAA solution, nanoscopic self-assembling particles were obtained ( As shown in Fig. 5 , mean particle diameter first increases and then decreases with increasing θ value. This also could be explained by electrostatic interaction. Unexpectedly, at any θ value, self-assembling particle diameter did not exceed 200 nm, which showed that PTMA was a good complexing agent with polyanion. Stability is necessary for self-assembling particle of negatively charged biomacromolecule and polycation because stable self-assembling particle can reach disease sites through blood circulation. Contrarily, unstable self-assembling particle is removed easily by reticulation endothelium system. If self-assembling particle is not stable during static incubation, small particles will aggregate into big ones and precipitate. Thus, apparent absorbance of supernatant liquid will decrease, which can be reflected by UV-Vis spectroscopy. So the stability of PTMA/PAA self-assembling particle was characterized by UV-Vis spectroscopy ( Fig. 7 and 8) . No matter formed at either θ=0.4 or 0.8; the absorbance curves of solutions at seventh day nearly overlap with those at first day. At the same time, there was no precipitate on the bottom of conical flask during storage. This indicated that self-assembling particle of PTMA with PAA was stable enough. 
FTIR spectroscopy of PTMA, PAA and their self-assembly
FT-IR spectra of PAA, PTMA and their self-assembling product are shown in Fig. 9 . In spectrum of PAA, a broad peak of COO-H stretching vibration is observed to partially overlap with CH 2 stretching band due to association of carboxylic acid group. Carbonyl group stretching vibration appears at 1714. are attributed to C-O stretching vibration. Peak at 1123.6 cm -1 is attributed to amide C-N stretching vibration. When PAA and PTMA self-assembled, FT-IR spectrum mainly bears the characteristics of the spectrum of PAA. This is very strange but has been experienced before [3] . In addition, in the spectrum of selfassembling, peak of carboxylic acid groups is weakened due to ammonium formation, peak at 3432.3 cm -1 becomes narrower. Peak at 1560.6 cm -1 is characteristic of =NH 2+ .
Conclusions
A novel poly(amido amine) with broad nitrogen grade profile and high charge density PTMA was synthesized by Michael addition reaction of tetraethylene pentamine (TEPA) to methyl acrylate (MA) and subsequent part nucleophilic substitution of methoxy carbonyl groups by amine groups of TEPA. PTMA is a polycation with optimized molecular structure. There are primary, secondary and tertiary amines in PTMA, which makes PTMA to have broad protonization pH range. PTMA can protonize both in pH 7.4 ~11 and pH 5~7.4 indicating that PTMA has similar "proton sponge effect" as PEI. There are also methoxy carbonyl groups in PTMA which is able to endow PTMA self-assembling particle with self-dissociation property. PTMA self-assembled with PAA into nanoparticles with mean diameter smaller than 200 nm at studied mass ratio range. Self-assembling particle size first increased and then decreased with increasing mass ratio due to electrostatic interaction and surface tension. Solutions containing self-assembling particles were stable whether at θ of 0.4 or 0.8.
Experimental part
Materials
Methyl acrylate was purchased from Xilong Chemical Reagent Company (Shantou, Guangdong, China) and purified by distillation. TEPA (Kelong, Chengdu, China) was purified by drying with NaOH followed by vacuum distillation. Ethanol was purified by distillation over NaOH prior to use. Other reagents were used as received. Fig. 1 . The weight average molecular weight of PTMA is 4470 and polydispersity index is 3.05 by aqueous GPC measurement (Fig. 10) . 
Synthesis of PTMA
Synthesis of PAA
Acrylic acid (10.09 g), potassium peroxydisulfate (0.11 g) and 100 mL deionized water were added to 250 mL mono-neck round-bottom flask equipped with a water reflux condenser and a Teflon stir bar. The mixture was stirred to homogeneous phase at room temperature and reacted at 60 0 C for 7 h and 100 0 C for 6 h. The obtained PAA solution was directly used to prepare stock solution for complexation. Sample for FTIR measurement is prepared as follows. After the mixture was cooled to room temperature, water separator was equipped and 40 mL cyclohexane was added to flask as water-carrying reagent. Water separation was carried out at 110 0 C under refluxing until no water was separated. After cyclohexane was distilled, 50 mL absolute alcohol was added to flask and distilled at 110 0 C to remove remnant water. Concentrated alcohol solution of PAA was precipitated with ethyl ether. The resultant PAA was dried under vacuum at 76 0 C overnight. The weight average molecular weight of PAA is 5.4×10 4 and polydispersity index is 1.94 by aqueous GPC measurement (Fig. 11) .
dw/d(logM) Fig. 11 . Molecular weight and Molecular weight distribution of PAA by aqueous GPC.
Self-assembly of PTMA with PAA 1.35 g PTMA was dissolved in 2000 mL deionized water and 1.46 g PAA in 2000 mL deionized water respectively. Varied amounts of PTMA solution were added slowly to 30 mL PAA solution under gentle vortexing. After addition, the mixture was vortexed for another 5 min. Resultant solutions were analysed using UV-Vis photospectrometer and particle size analyzer. The mass ratio of PTMA to PAA was represented as θ. Self-assembling complex solutions were left at room temperature and at certain intervals, aliquots of supernatant liquid were withdrawn to determine stability of self-assembling particle by UV-Vis spectroscopy.
H NMR spectroscopy
1 H NMR spectra were recorded on Bruker Avance DPX 300 NMR spectrometer (Bruker, Germany) with D 2 O as solvent.
GPC measurement
Aqueous GPC was performed using a Waters 515 HPLC pump and a Waters 2410 refractive index detector. Data were collected and integrated using Waters Empower software.
Protonation characteristic of PTMA
Protonation characteristic of PTMA was determined by acid-base titration. 0.5 g PTMA was dissolved in 10 mL 150 mmol/L NaCl solution and then added dropwise with 0.58 mL 37% HCl aqueous solution under ice cooling and continuous stirring. The obtained PTMA·HCl salt solution was titrated with 0.3 mol/L NaOH aqueous solution. The titrations of 10 mL 150 mmol/L NaCl solution and 10 mL 0.69 mol/L HCl solution containing 150 mmol/L NaCl were used as references. The pH changes were measured with Leici pHS-25 numerical pH meter (Leici Scientific Instrument Com., Shanghai, China) at room temperature.
Size analysis of self-assembling nanoparticles
When PTMA and PAA solutions were mixed, self-assembling particles were formed immediately. The sizes of self-assembling particles were measured by dynamic light scattering at room temperature on Malvern MASTERSIZER 2000 (Malvern Instruments Ltd., Malvern, U.K.). Samples were inhaled with Hydro 2000MU and deionized water was selected as dispersion medium. Between two measures, the instrument was washed three times with deionized water.
UV-Vis spectroscopic analysis of solutions
Solutions containing self-assembling particle formed at various θ values had different transparency. Otherwise, if solutions were not stable, self-assembling particles would aggregate and precipitate. The stability and size of self-assembling nanoparticle were characterized spectroscopically on UV2401PC photospectrometer (Shimadzu, Japan).
FT-IR analysis
Fourier transform infrared spectroscopy (FTIR) was carried out on Nicolet MX-1E FT-IR Spectrometer. Anhydrous samples of PAA and their self-assembling product were ground to fine power, then mixed with KBr and pressed into thin pieces for measurement. Complex sample for FTIR measurement was prepared with 27.0 g/L PTMA and 29.2 g/L PAA at θ of 0.4. Anhydrous PTMA membrane for FTIR analysis was obtained through evaporation of PTMA aqueous solution.
